Introduction

Alkane complexes
1 have now been demonstrated both experimentally and theoretically to act as reaction intermediates in many fundamental transformations associated with transition metal centres: they include oxidative addition, and its reverse, reductive elimination, s-complex assisted metathesis (s-CAM) which can lead to alkane functionalisation, 5 hydrogenation/dehydrogenation 6 and substitution reactions. 7 Such alkane complexes were rst detected by UV/vis and IR spectroscopy in low temperature matrices and glasses in the 1970's. 8, 9 For many years, time-resolved spectroscopy, especially with IR detection, has provided strong evidence for the existence of s-alkane complexes, via monitoring of the n(CO) vibrations of metal carbonyls. [10] [11] [12] [13] This technique also revealed the variation in lifetime of the alkane complexes with the metal and spectator ligands. A breakthrough that enables the NMR detection of these complexes came through the use of UV irradiation inside the NMR probe to study complexes that had rst been identied by IR spectroscopy as relatively long-lived.
14-21
Low temperature protonation has added a thermal route to the formation of methane and, very recently, ethane complexes detected by NMR spectroscopy. 4, 22 These NMR studies have distinguished the different regioisomers of alkane complexes and revealed their diagnostic 1 H and 13 C chemical shis and 2 J CH coupling constants. The information from NMR spectroscopy has conrmed that these alkane complexes belong to the growing range of s-bond complexes 5, 23, 24 comprising dihydrogen, 25 borane, 26,27 silane 28-31 and germane 32 ligands as well as alkanes.
The rst examples of crystallographically characterised alkane complexes were discovered serendipitously in a coordination environment typical of a solvent of crystallisation.
33,34
More recently, a rhodium(norbornane) complex containing two chelating Rh(h 2 -C,H) linkages has been made by hydrogenation of a norbornadiene complex in the solid state and characterised by single crystal X-ray crystallography (Rh-C1 2.494(10)Å; Rh-C2, 2.480(11)Å). 6 The structures of some ironbased metal-organic frameworks that adsorb alkanes have been determined by powder neutron diffraction and yield far longer Fe-C distances of ca. 3Å, suggesting weaker interactions.
Some of the special properties of alkane complexes can be deduced from isotope exchange experiments on metal alkyl deuterides that result in metal (deuteroalkyl) hydride complexes. 1, 2, 36 Of particular importance, is the ability of the metal to migrate from one CH 2 or CH 3 position to another within a s-alkane complex, a phenomenon known as chain walking. 37 These dynamic processes are usually investigated by product studies with isotope labelling. Recently, chain walking has been followed by dynamic 13 C NMR spectroscopy for an ethane complex. 22 On the other hand, geminal exchange of the coordination position of an h 2 -alkane complex is too fast to resolve by NMR spectroscopy.
15,16
Alkane complexes represent an important route to alkane functionalisation as demonstrated for borylation, 38,39 dehydrogenation 40 and alkane metathesis. 41, 42 They are also likely to participate in the platinum chemistry of alkanes pioneered by Shilov. 43, 44 Simple alkanes are oen very reactive towards metal ions in the gas phase, as shown by mass spectrometric methods. 45 Their reactivity may be understood via alkane complexation and, in some cases, the s-CAM mechanism.
5,45
Alkane complexes are also postulated in Periana's most recent results on C-H functionalisation catalysed by heavy p-block metals. 46 However, there are recent examples of methane functionalisation that involve very different chemical systems for which other mechanisms may apply.
47-50
The study of alkane complexes and alkane functionalisation reactions by computational methods is an important adjunct to experiment providing geometric information and details of the potential energy surfaces. 20, [51] [52] [53] The highest level calculations (composite CCSD(T)/def2-QZVPP) on CpRe(CO) 2 
54
We have demonstrated previously that we can identify suitable target alkane complexes for NMR spectroscopic investigation by rst measuring their lifetimes at low temperature by TRIR or FTIR spectroscopy. 18, 19 We then investigate the same complexes by NMR spectroscopy using the same laser wavelength and the same temperature if the lifetime is estimated to be sufficient for NMR monitoring. Using this technique, we were able to measure the NMR spectra of the isomeric propane complexes, CpMn(CO) 2 (h 2 -C1-H-propane) and CpMn(CO) 2 (h 2 -
C2-H-propane), the rst example of the NMR characterisation of a rst row transition metal alkane complex. 21 The spectra of the corresponding butane complexes were also recorded.
21
Recognising that the lifetime of the manganese propane complexes is only just long enough for NMR characterisation at 134 K, we selected three other alkanes suitable for investigation at such low temperatures, ethane, isopentane and methane and report here their reactivity towards photogenerated CpMn(CO) 2 based on evidence from IR and NMR spectroscopy.
Experimental
Materials
For IR spectroscopy, CpMn(CO) 3 (Aldrich), ethane and CO (BOC, CP grade) were used as received. Isopentane (Aldrich, 99%) was dried by reuxing over CaH 2 for 24 h under an argon atmosphere. In all cases, the concentration of the CpMn(CO) 3 was in the range 10 À3 to 10 À4 M, and the IR and UV absorbances at the probe and pump wavelengths were kept in the range 0. 
Room temperature TRIR spectroscopy
A ow system containing the isopentane solution was prepared on a Schlenk line and pressurized to 2 atm with CO. An infrared solution cell (Harrick Scientic Corp.) with CaF 2 windows and 0.5 mm pathlength was used to record FTIR and TRIR spectral data. Fresh sample was owed into the cell aer each UV laser shot from a reservoir vessel into a receiving vessel, held at a slightly lower pressure. The activation energy measurements were performed in a variable temperature IR cell and a recirculating water bath was used to control the temperature. The solutions were allowed to come to thermal equilibrium before any measurements were made, and the internal IR cell temperature was monitored using a 1/16 00 K-type thermocouple.
FTIR spectroscopy in low temperature solutions
A custom built, high-pressure, low-temperature copper cell (CaF 2 windows, 2.5 mm pathlength), cooled by a CryoTiger coldnger (Brooks Automation) was used for all low temperature FTIR and time-resolved measurements. Details of this apparatus are given elsewhere. 55 For the experiments in liquid ethane, a small quantity of CpMn(CO) 3 was placed in the cell and pressurized to 45 atm (no CO was added) using a handpump. For the isopentane experiment, a solution of CpMn(CO) 3 pre-made using the method described above under 2 atm Ar was owed into the cell (held at a slightly lower pressure). In both cases, the apparatus was cooled to 135 K and allowed to thermally equilibrate for 15 min before any measurements were taken.
Time-resolved infrared spectroscopy
Microsecond TRIR spectra and kinetics were recorded on the Nottingham point-by-point quantum cascade laser (QCL) spectrometer. 56 A Nd : YAG laser (Spectra Physics GCR-12; 355 nm) initiates the photochemical reaction and the laser-induced change in IR transmission through the sample, as a function of probe wavelength, is measured using an MCT detector cooled by liquid nitrogen and coupled to an oscilloscope and PC.
Rapid-scan FTIR spectroscopy was performed using an Agilent Cary 680 spectrometer. The cryostat was mounted on an external bench and the UV laser (SpectraPhysics GCR-12; 355 nm) aligned through the sample cell.
Low-temperature NMR spectroscopy with in situ laser irradiation NMR spectra were recorded on a Bruker Avance wide-bore 600 MHz spectrometer with solvent suppression achieved with the excitation sculpting pulse sequence with gradients zgesgp 1D sequence (Avance-version, Feb 2012), typically using about 24 scans.
57 Some additional spectra were obtained with WATER-GATE W5 using the pulse program zggpw5. 58 
1
H NMR spectra were calibrated by adding a trace of benzene, taken as resonating at d 7.15. Laser photolysis was carried out with a pulsed Nd : YAG laser (Continuum Surelite II) operating at 355 nm with 10 Hz repetition rate and a laser power of 85 mW. The laser radiation is directed through a hole in the probe housing onto the NMR tube. The sample is contained in a high-pressure sapphire NMR tube (IDEAS!, UVA, B.V.). The samples contained 1-2 mg of CpMn(CO) 3 and approximately 0.4 mL of solvent that was transferred on a high pressure line (ethane and propane) or a high vacuum line (isopentane). A very dilute sample of [Ru(CO) 2 (Ph 2 PCH 2 CH 2 PPh 2 )(PPh 3 )] in C 6 D 6 was used for realtime laser alignment in conjunction with para-hydrogen amplication. 59 For kinetics, the integration of the relevant resonance was measured relative to that of benzene added in trace quantities. This apparatus is described in more detail elsewhere.
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Results and discussion
Infrared spectroscopic studies
The photochemistry of CpMn(CO) 3 in several different alkane solvents including ethane has been investigated previously.
13,21 A solution of CpMn(CO) 3 in isopentane (2-methylbutane) at room temperature was investigated by TRIR spectroscopy with 355 nm photolysis. The transient difference spectrum measured 1.2 ms aer the laser pulse (Fig. 1a, Table 1 ) reveals that bleaching of the parent n(CO) bands occurs together with the formation of two new bands that are shied 68 cm À1 (n(CO) symm ) and 53 cm
À1
(n(CO) antisymm ) to lower wavenumber relative to the a 1 and e modes of CpMn(CO) 3 , respectively. The shis are consistent with a reduction in the number of CO groups with no change in oxidation state. They are assigned to the a 0 and a 00 modes of the s-alkane complex, CpMn(CO) 2 (isopentane) by comparison to the spectra of related alkane complexes formed by [CpMn(CO) 2 ] and [CpRe(CO) 2 ]. 13, 19, 21, 60 In the presence of CO (2 atm) the Mn-isopentane complex reacts quickly and cleanly to regenerate the parent with a lifetime of 28 AE 1 ms (Fig. 1b) . The rate of reaction of the s-alkane complex with CO was measured as a function of temperature between 282 and 295 K and an activation energy (E a ) of 43 AE 2 kJ mol À1 obtained (Fig. 2) . This activation energy can be used as a minimum value for the Mn-alkane bond strength, and is similar to those measured for analogous CpMn(CO) 2 (alkane) complexes (viz. Mn-heptane, 60 39 kJ mol
; Mn-methane, 13 41 kJ mol
). The reactivity of CpMn(CO) 3 in isopentane was also investigated at low temperature by rapid-scan FTIR spectroscopy. A temperature of 135 K was selected in order to be consistent with the NMR experiments. Again, photolysis (355 nm) of an isopentane solution of CpMn(CO) 3 leads to the formation of the salkane complex, CpMn(CO) 2 (isopentane) with bands at 1958 and 1890 cm À1 (Fig. 3a) . At 135 K, once irradiation is stopped, these bands are observed to decay with a lifetime of 250 AE 3 s (Fig. 3b) in the absence of added CO. The room temperature spectra and kinetics of CpMn(CO) 2 -(ethane) have been reported previously.
13 Analogous results to those for isopentane are obtained upon irradiation of a solution of CpMn(CO) 3 in liquid ethane (650 psi) at 135 K. The rapidscan FTIR difference spectrum measured 2 s aer irradiation (Fig. 3c) illustrates n(CO) bands due to the formation of CpMn(CO) 2 (ethane) at very similar wavenumbers of 1962 and 1895 cm À1 . The Mn-ethane complex decays with a lifetime of 125 AE 6 s (Fig. 3d) , about half the value of the isopentane analogue.
Studies with NMR spectroscopy
The lifetimes of the isopentane and ethane complexes measured by low temperature IR spectroscopy suggest that the NMR detection of these photoproducts is possible. (Fig. 4) . The Cp resonance of the product is a clean singlet without any of the broadening or shoulders observed with propane and butane, reecting the formation of a single isomer. 21 These two new resonances can be attributed to the Cp and C 1 H 3 resonances, respectively, of the product CpMn(CO) 2 (h 2 -C1-H-ethane) by comparison with previous studies of the photolysis of CpMn(CO) 3 in neat propane.
The high eld NMR resonance can be understood as arising from the average of the bound h 2 -C-H proton and the two geminal protons since there will be a very low barrier for exchange between them. 16 This resonance is poorly resolved but may be interpreted as a binomial quartet with J ¼ 7 Hz (Fig. 4c) arising from resolved coupling to the nuclei of the second CH 3 group. The C 2 H 3 resonance is not detected because of overlap with the solvent resonance. We estimated the lifetime of CpMn(CO) 2 (h 2 -C1-H-ethane) as ca. 360 s at 135 K which corresponds to a value of DG ‡ of 39 kJ mol À1 . The ethylene impurities in the ethane probably reduce the lifetime of the photoproduct. This estimate compares with 126 AE 6 s determined by TRIR spectroscopy above with unpuried ethane. We then turned our attention to isopentane. The rst attempt to characterise the products of the photolysis at 355 nm of CpMn(CO) 3 in neat isopentane at 142 K was unsuccessful due to the poor solubility of the starting material in this solvent. In order to increase its solubility, we employed a propane/isopentane (60 : 40) mixture. We chose propane because of its advantageous spectroscopic properties and low freezing point, coupled with the fact that we have already reported the 1 Fig. 5b) . They are consistent with the observation of three isomers of the photoproduct, namely CpMn(CO) 2 
15,20
We carried out similar photochemical experiments with CpMn(CO) 3 dissolved in a 90 : 10 mixture of propane and methane at 133 K. Under these conditions, we were only able to detect the corresponding resonances of the propane complexes mentioned above. Given the signal-to-noise ratio obtained in these data we can deduce that the corresponding methane complex is less stable than the propane adduct.
Conclusions
A combination of IR spectroscopy and NMR spectroscopy at 135 K has been used to detect highly unstable ethane and isopentane complexes of the type CpMn(CO) 2 (h 2 -C-H-alkane). As expected, CpMn(CO) 2 (h 2 -C-H-ethane) exists as a single isomer whereas CpMn(CO) 2 (h 2 -C-H-isopentane) is detected as a mixture of three isomers by NMR spectroscopy. These species cannot be differentiated through their IR data, indicating that the electronic effects of the different coordination modes on the CpMn(CO) 2 unit are very similar. The most sterically hindered isomer, with the tertiary C-H bond coordinated, viz. CpMn(CO) 2 as measured by TRIR spectroscopy around room temperature.
61
As demonstrated previously, the manganese complexes are vastly more reactive than their rhenium analogues which are stable in solution of the corresponding alkanes at 170-180 K.
